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Summary:  
 
Hedgehog (Hh) shape up development by playing important role in signaling, and 
thereby controlling growth and pattern formation. It is for this reason that their spatial 
distribution is tightly regulated. The 19kDa active form of Hh is modified with a 
palmitate at its N-terminal and with cholesterol at its C-terminal. This dually lipid 
modified form of Hh act as a morphogen, and is also referred to as HhNp (Mann and 
Beachy, 2004). In most cases, they are released from producing cells and spread 
into adjacent non-expressing cells within the tissue, where it activates target gene 
expression in a concentration-dependent manner. In Drosophila, Lipophorin (Lpp) 
particles carry these lipid-modified forms of Hh and play a role in long range signaling 
in the developing wing disc. Further, these particles circulate throughout the larvae in 
the hemolymph to distribute nutrients mostly in the form of lipids to different tissues 
of the animal. Thus, Lpp plays important role in metabolism and development. 
 
Hh as a morphogen plays a very important role in development and patterning of 
embryo and imaginal discs in Drosophila. We wanted to understand the role of Hh in 
overall development of Drosophila. In my thesis work, I discovered a new form of Hh 
that is systemically circulating in the 3rd instar larva of Drosophila. I show that 
imaginal tissues do not produce this form of circulating Hh. Our experiments strongly 
suggest that systemic Hh can travel from one tissue to another, a feature that was 
previously unknown. I also show that it could rescue the growth of the imaginal disc, 
implying its ability to influence cell proliferation. Since the concentration of systemic 
Hh is low it fails to up regulate the target genes. I characterized fat body as a target 
of systemically circulating Hh. I clearly demonstrate that fat body transcribes most of 
the components of Hh signaling pathway except Hh. Further, Hh accumulates in the 
fat body during late 3rd instar larvae. That makes the fat body an ideal target of 
systemic Hh. This could shed light in understanding the role of Hh in overall 
development of Drosophila melanogaster that includes tissue-based interaction. 
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1 Introduction. 
 
The processes of growth and patterning bring about the transition from a single cell 
zygote to an embryo and to a fully formed multi-cellular adult. Signaling pathways 
shape development by providing growth cues and positional information. One of the 
most important and crucial developmental regulators is the Hh signaling pathway. It 
is a highly conserved pathway from invertebrates to humans (Ingham and Placzek, 
2006; McMahon et al., 2003). The ligand Hh is a dually lipid modified protein that is 
known to act as a morphogen (Cadigan, 2002).  
Morphogens are secreted and spread out from the cells where they are produced, 
forming a concentration gradient. Cells close to the source of the morphogen receive 
a high morphogen concentration and vice versa (Fig 1.1). A morphogen provides 
spatial information by forming a concentration gradient that subdivides a field of cells 
by inducing or maintaining the expression of different target genes at distinct 
concentration thresholds (Fig 1.1). 
 
 
 
Figure 1.1: Morphogen gradient. 
Secreted molecules released from 
the source cells to form a 
concentration gradient. Target 
genes in the receiving cells are 
expressed depending on the 
distance from the source cells 
(Tabata, 2001; Wartlick et al., 
2009) 
 
In Drosophila melanogaster, Hh controls anterior-posterior (AP) segmental patterning 
in the embryo and plays other important roles in establishing the adult fly body plan 
Mutant embryos do not survive and have segment polarity defects (Nusslein-Volhard 
and Wieschaus, 1980). 
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Drosophila Hh has three vertebrate homologs, Sonic Hh (SHH) Indian Hh (IHH) and 
Desert Hh (DHH). SHH is the most studied homolog and influences development of 
brain, spinal cord, axial skeleton and limbs. IHH controls cartilage differentiation and 
bone development. DHH is more involved in the development of germline tissues 
and Schwann cells in the Peripheral Nervous System (reviewed by Bale 2002). 
Vertebrate Hh homologues have been shown to act as a morphogen to control 
growth and patterning. For example, in the limb, SHH is expressed in the posterior 
distal mesenchyme of the limb bud, called the zone of polarizing activity (ZPA), 
where it makes a gradient along the anterior-posterior axis(Lewis et al., 2001; Zeng 
et al., 2001). The gradient plays an important role in specifying digit identities across 
the limb bud, with high dosages of SHH close to the ZPA inducing posterior digits 
and low dosages inducing anterior digits fromation (Lewis et al., 2001; Riddle et al., 
1993; Yang et al., 1997) 
Mutation in the components of the Hh signal transduction pathway can have fatal 
consequences. Most germline mutations lead to congenital diseases and 
abnormalities like Holoprosencephaly, Grieg Cephalopolysyndactyly syndrome in 
humans (Belloni et al., 1996; Kelley et al., 1996; Vortkamp et al., 1991) or cancer 
predisposition as seen in Gorlin’s sysndrome. In addition to developmental 
anomalies, somatic mutations in the genes involved in the Hh pathway cause various 
types of tumors (Dellovade et al., 2006; Pasca di Magliano and Hebrok, 2003; Ruiz i 
Altaba et al., 2002). 
All the components of the Hh signaling pathway are well conserved in Drosophila. 
Since Drosophila has a well-characterized genetics, it makes it an ideal system to 
study the Hh signaling pathway.  
1.1 Life Cycle of Drosophila melanogaster.  
There are four main stages in the life cycle of the Drosophila: egg, larva, pupa, and 
adult. The larval forms are specialized in feeding and growth. During the 3rd larval 
instar they reach a critical size at which sufficient nutrients have been stored to 
support the non-feeding pupal stage. After the attainment of the critical size, larvae 
Introduction
4
stop feeding and start searching for a pupariation site. At this point larval growth 
stops and thus the final size of the animal is determined at this stage. They ultimately 
metamorphose from pupae into reproductively competent adult flies. Pulses of the 
steroid hormone ecdysone, made in the ring-gland, bring about the change from one 
stage to another (Fig 1.2)(Gilbert et al., 2002b; Shingleton, 2005; Thummel, 1995).  
 
Figure 1.2: The life cycle 
of a fly with changing 
steroid hormone levels. 
The fruit fly develops 
through three larval stages 
before it reaches puparium 
formation. The larval stages 
are separated by molts, 
which are controlled by 
pulses of ecdysone. This 
hormone also controls other 
major development events, 
such as hatching and the transition from a larva to a pupa. 
1.2 Growth and development of D. melanogaster: 
Growth in complex muticellular organism is a result of various paracrine and 
endocrine regulatory processes. It depends on genetic and environmental factors. 
One of the important environmental factors is availability of nutrients. The two 
important aspects of growth are systemic growth and local tissue growth. In 
Drosophila, the larval growth is tightly coupled to the growth of the developing 
imaginal tissues that will form the adult. Both inter- and intra-organ communication is 
required to attain proportional growth. It has been observed that slowing down the 
growth of the wing imaginal disc delays the pupal transition. How the larvae realize 
this is still not understood. But, there are systemic factors that influence the growth of 
the animal, like DILPs (Drosophila insulin like peptides), ecdysone, and IDGFs 
(Imaginal Disc Growth Factors.) to mention a few. These systemic factors are 
involved in communicating between tissues like the fat body, the imaginal discs, the 
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ring gland, the brain and the gut to coordinate growth and development (Hietakangas 
and Cohen, 2009)( Fig 1.3).  
 
 
Figure 1.3: Systemic growth requires inter-organ communication.  IPCs (Insulin 
Producing cells) located in the brain secrete DILPs in response to nutrient availability; most 
likely this process is indirectly controlled by the fat body. The fat body senses nutrients with 
the help of TOR (Target of Rapamycin) pathway that results in the release of an unknown 
signal from the fat body to the brain. As a consequence DILPs are secreted into the 
hemolymph. DILps act on the peripheral tissues by IIS pathway and lead to growth. DILP6 is 
secreted from the fat body in response to ecdysteroid.  Ecdysone is released in response to 
the signal from PTTH (prothoracicotropic hormone. Ecdysone at a basal level influences 
growth. At the major pulse of ecdysone it arrests growth and leads to metamorphosis. IDGFs 
are secreted from fat body and is claimed to influence disc growth. In addition to this, there is 
an unknown factor that is secreted from the discs to the larval brain or the fat body that 
assures that the disc growth has reached completion at critical size. (Colombani et al., 2005; 
Geminard et al., 2009; Hietakangas and Cohen, 2009; Slaidina et al., 2009). 
 
In Drosophila, as in other insects, growth and development are under hormonal 
control. Situated between the two lobes of the brain is the ring-gland. It has two 
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parts:  the Prothoracic gland (PG) and Corpus Allatum that secrete Ecdysone and 
Juvenile Hormone (JH), respectively. JH levels decrease when the larva has reached 
its critical size and is ready to pupariate. PTTH then signals to the PG to time the 
pulse of ecdysone secretion that causes larval to pupal transistion (Gilbert et al., 
2002a; Shingleton, 2005). Ecdysone and 20-hydroxy ecdysone are key steroid 
hormones in Drosophila, and have been predominantly studied for thier role in 
molting and pupariation (Fig 1.2 ). Once secreted, ecdysone reaches other tissues 
like the wing imaginal disc via the hemolymph and influences their develoment. In 
these tissues, ecdysone activates the dimerization of the ecdysone receptor (EcR), a 
member of the nuclear receptor superfamily, with its binding partner Ultraspiracle 
(USP) (Grad et al., 2001; Koelle et al., 1991; Thummel, 1990; Thummel, 1995; 
Thummel, 1996). This heterodimer binds to the ecdysone response element found in 
ecdysone responsive genes, like the Broad complex Br-C, E74 and E75, and causes 
the transcriptional activation of these genes (Fig 1.4) (Cranna and Quinn, 2009). Br-
C, E74 and E75 encode transcription factors that bind to other genes whose gene 
products are directly involved in metamorphosis. 
 The ecdysone pulse is essential for adult tissue morphogenesis, a process that 
requires coordination of development with cell cycle, apoptosis and differentiation. 
Although previous studies have revealed the molecular mechanism connecting 
ecdysone signaling to the processes of apoptosis and differentiation, there are only a 
few studies showing a connection between the ecdysone pulse and the cell cycle. 
First, during larval development, ecdysone is required for morphogenetic furrow 
progression in the eye imaginal disc via Br-C. In addition, ectopic Br-C expression 
leads to ectopic endoreplication cycles during oogenesis, suggesting that the 
ecdysone pathway can promote DNA replication (Jiang et al., 1997; Thummel, 1990; 
Thummel, 1995; Thummel, 1996). However, the molecular mechanism by which the 
ecdysone response affects the cell proliferation machinery is unknown. 
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In addition to the ecdysone pulses that control the developmental transitions, 
ecdysone is also produced continuously at lower basal levels. Recent studies, 
suggest that basal levels of ecdysone repress growth by antagonizing the Insulin/IGF 
like signaling pathway (IIS) in the larvae (Colombani et al., 2005). Additionally 
ecdysone could repress systemic growth by repressing dMyc in the fat body. 
However studies from our lab suggest that some level of ecdysone is required for 
disc growth. 
Another important set of systemic factors affecting tissue-based growth in a 
coordinated manner are the DILPs. A subset of cells in the brain, called Insulin-
producing cells (IPCs), produce four out of seven DILPs. DILPs act via the Insulin 
receptor (InR) and are required for normal growth. Circulating DILPs are secreted in 
response to nutrient availability and in turn control the growth of peripheral tissues. 
The secretion of DIPLs by the brain is not a direct process, but is rather controlled by 
the fat body. The fat body senses nutrient availability via the TOR (Target of 
Rapamycin) pathway and sends an unknown signal to the brain for the secretion of 
DILPs (Fig 1.3 and Fig 1.4) (Geminard et al., 2009). In addition to this, the fat body 
secretes DILP6 in response to ecdysone. DILP6 is required for growth during non-
feeding stages of larval development (Slaidina et al., 2009). 
The IDGFs, are another set of systemic factors, that are however, less characterized 
than the DILPs. It is speculated that they signal in conjunction with IIS pathwayThese 
factors are expressed in the fat body and secreted out in the hemolymph (Fig 1.3). 
They influence cell proliferation in clone 8 (cl8) cells. This might suggest their role in 
influencing disc growth in vivo, although concrete in vivo experiments to confirm that 
are still lacking (Kawamura et al., 1999).  
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Figure 1.4: An insight into the systemic growth pathways. Nutrient sensor like slimfast 
activates TOR pathway. In the presence of nutrients TOR pathway regulates ribosome 
biogenesis by activating dMyc and TIF1A and by promoting association between UBF and 
SL1. This regulation brings cell growth. TOR pathway activation also activates S6 kinase that 
upregulates cap dependent translation and protein synthesis (Holz et al., 2005). DILPs are 
secreted from IPCs in response to nutrient. DILPs activate the PI3K pathway. Binding of 
DILPs to InR, activates PI3K. Activated PI3K phosphorylates phosphatidylinositol-4,5-
diphosphate (PIP2) on the plasma membrane to produce phosphatidylinositol-triphosphate 
(PIP3) PIP3 recruits two protein kinases, PDK1 and AKT, to the plasma membrane, which 
leads to the phosphorylation and activation of AKT by PDK1 . AKT is a protein kinase that 
has several growth effectors that contributes to growth. AKT also phosphorylate Foxo and 
retains it in the cytoplasm to allow growth (Brunet et al., 1999; Hietakangas and Cohen, 
2009). Ecdysone binds EcR and USP. The hetrodimer then activates genes that eventually 
bring about metamorphosis (Thummel, 1995). Ecdysone also represses dMyc in the fat body 
to control systemic growth (Delanoue et al., 2010). Further basal levels of ecdysone could act 
antagonistic to insulin pathway (Colombani et al., 2005). In the absence of nutrients, insulin 
and TOR signaling is attenuated, directing Foxo nuclear translocation and reducing protein 
synthesis, restricting growth. ? Unknown factor. 
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1.3 Growth of wing disc. 
Apart from systemically acting factors, like DILPs, ecdysone and IDGFs, there are 
proteins that control tissue growth locally. Among these are the morphogens Hh, 
Decapentaplegic (Dpp) and Wingless (Wg). For example, the growth of the imaginal 
wing disc is controlled as a result of a tight interplay of systemic and local factors. 
In the embryo, the wing imaginal disc, also called the wing primordium, comprises a 
40-celled sac like structure derived from the embryonic ectoderm. The wing disc is 
derived from cells of the posterior compartment of the second thoracic parasegment 
and the anterior compartment of the third thoracic parasegment (Cohen B, Simcoxx, 
A A 1993). The wing disc grows during larval life and then undergoes metamorphosis 
to become an adult wing. It has been reported that Hh affects the growth of the wing 
disc. Loss of Hh stunts the wing disc growth and produces rudimentary discs. Hh has 
been shown to influence growth directly by cyclins in the eye imaginal disc (Duman-
Scheel et al., 2002) and indirectly via the Hh target gene Dpp. Dpp is a homolog of 
Transforming Growth Factor β, and vertebrate bone morphogenetic proteins BMP2 
and BMP4. Loss of Dpp leads to reduction in growth of the wing disc. On the other 
hand ectopic expression of Dpp leads to overgrown discs (Burke and Basler, 1996; 
Capdevila et al., 1994). How Dpp controls cell proliferation is not clear. As a result of 
Hh signaling, Dpp is expressed in a graded fashion. It has been suggested that Dpp 
affects cell proliferation in a graded fashion (Rogulja and Irvine, 2005). It has also 
been suggested that this graded expression of Dpp is translated into graded activity of 
the Fat-Hippo Pathway (Lawrence et al., 2008). However, ectopic uniform distribution 
of Dpp also leads to cell proliferation (Schwank et al., 2008).  
Another growth promoting morphogen is Wg. Wg is expressed at the dorsoventral 
(DV) boundary (Tabata and Takei, 2004). Loss of Wg prevents the wing disc from 
growing whereas gain of Wg function leads to overgrown discs (Zecca et al., 1996). It 
is argued that Wg has both proliferative and anti-proliferative activity.  Wg expression 
at the end of 3rd larval instar leads to decrease in levels of several cell cycle 
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regulators in the disc (Johnston and Sanders, 2003). On the other hand less intense 
uniform distribution of Wg leads to cell proliferation and disc growth (Baena-Lopez et 
al., 2009). 
In summary, tissue growth is controlled by systemic and local factors. An interesting 
yet poorly understood question is how both type of signals are integrated to 
coordinate growth with other processes important for disc development such as 
pattern formation. According to a recent report, the ecdysone inducible transcription 
factor Crol down-regulates Wg transcription. As a result, genes crucial for cell cycle 
progression are up-regulated thereby overcoming the Wg-mediated cell cycle arrest 
in the zone of non-proliferating cells. This study gives a good example of how 
morphogen signaling and response to hormonal signaling could be linked (Mitchell et 
al., 2008).  
1.4 Hh in the wing imaginal disc. 
The third larval instar wing disc is composed of cells that give rise to the different part 
of the wing such as the hinge, the blade and the margin. The wing disc can be 
divided into an anterior and a posterior or a dorsal and a ventral compartment, which 
are separated by the AP or the DV boundary, respectively (Fig 1.5) (Klein, 2001). 
The cells of the posterior compartment express the homeotic selector gene engrailed 
(en) in contrast to the anterior compartment cells. Similarly, apterous (ap) is 
expressed by the cells of the dorsal compartment in contrast to the cells of ventral 
compartment (Fig 1.5).  
En activity in the posterior compartment cells directs them to express Hh. Hh is 
secreted from the posterior compartment and is received by the cells of the anterior 
compartment. The Hh receptor Patched (Ptc) and the transcription factor Cubitus 
interruptus (Ci) are present in the anterior compartment due to the absence of en 
(Dahmann and Basler, 1999). Hh binding to Ptc limits the spread of Hh (Chen and 
Struhl, 1996). Therefore, Hh signaling is most active at the AP boundary. As a 
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consequence Hh target genes that are activated in response to high levels of Hh, like 
Ptc and Col are expressed close to the AP boundary and are called short-range 
target genes. Further away from the source, that is the posterior compartment, Hh 
activates the expression of long range target genes like Dpp (Vervoort et al., 1999). 
 
 
 
Figure 1.5: Drosophila wing imaginal disc from 3rd instar larvae showing hinge, blade, 
margin and notum. A. Wing imaginal disc showing DV (Dorso-Ventral) boundary. 
Expression of Apterous (Ap) specifies dorsal compartment. Wingless (Wg) is expressed on 
the DV boundary to control growth and patterning along the Dorsoventral axis. B. Shows AP 
(Anterior Posterior) boundary, Engrailed (En) is expressed in posterior compartment and 
directs the expression of Hh. Secreted Hh protein crosses the boundary and induces the 
expression of Dpp in anterior cells along the AP boundary (adapted from Dahmann and 
Basler 1999). 
1.5  Hh Processing, Secretion and Spread.  
Processing: Hh is first produced as a precursor protein of 45 kDa. This precursor 
protein has two domains, the N-terminal signaling domain and the C-terminal auto-
processing domain. The C-terminal domain resembles inteins and mediates the 
autocatalytic cleavage of the precursor protein (Hall et al., 1997). This results in a 19-
kDa N-terminal fragment, called HhN, and a 26 kDa C-terminal fragment, called Hh-
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C. HhN is the actual signaling form. It has two lipid modifications. During the 
autocatalytic cleavage of Hh the C-terminal intein-like domain adds cholesterol to the 
C-terminal end of HhN (Bumcrot et al., 1995; Lee et al., 1994; Porter et al., 1996). 
The other lipid modification is a palmitate that is attached to the N-terminal cystein of 
HhN by the acyl transferase skinny Hh in the endoplasmic reticulum (Chamoun et al., 
2001; Micchelli et al., 2002) (Chamoun et al., 2001; Lee and Treisman, 2001; 
Pepinsky et al., 1998) (Fig 1.6).  
 
Figure 1.6: Hh autoprocessing. 19 
kDa N-terminal dually lipid modified 
form of Hh (HhNp) is formed as a 
result of cleavage between Gly257 
and Cys258 of the full length protein. 
A thioester is formed in place of 
peptide bond as a result of a 
nucleophilic attack by thiol group of 
Cys258 to carbonyl group of Gly257. 
A subsequent attack by cholesterol 
leads to its attachment to the Hh-N 
and release of Hh-C. (Beachy et al., 
1997; Eaton, 2008; Jeong and McMahon, 2002) 
 
The attachment of these lipids to Hh renders it a highly hydrophobic molecule. This 
processed, dually lipid modified form of Hh is also termed HhNp, where p stands for 
processed (Fig1.6) (Mann and Beachy, 2004). 
Secretion: HhNp is secreted out from the source cells with the help of the multipass 
transmembrane protein Dispatched (Disp). Disp possesses a Sterol Sensing Domain 
(SSD). It is transcribed in almost all the embryonic tissues and is not confined to Hh 
producing compartments. Disp is required for the secretion of the cholesterol-
modified form of HhNp (Burke et al., 1999). It has also been shown that components 
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of membrane microdomains like reggie-1/flotillin-2 play a role in the secretion of Hh 
and influence Hh target gene expression (Katanaev et al., 2008). However the 
precise cell biological functions of Disp and of flotillins in Hh signaling is are not 
understood.  
Spread: One of the most important questions that remained to be sorted out is how 
lipophilic molecules, such as HhNp, diffuse within the tissue to affect the expression 
levels of its target genes (Zeng et al., 2001). Several mechanisms might account for 
the graded distribution of morphogens through the developing multicellular field. In 
general, it could be passive diffusion through the extracellular space, interaction with 
Heparan Sulphate Proteoglycans (HSPGs) or planar transcytosis (Cadigan, 2002; 
Christian, 2000; Gonzalez-Gaitan, 2003; Strigini and Cohen, 1999; Tabata, 2001; 
Teleman et al., 2001; Vincent and Dubois, 2002). 
Lpp also play an important role in mobilizing Hh. In insects, the single multifunctional 
lipoprotein present has been termed lipophorin (Lpp). It is composed of two integral 
apolipoproteins, apolipophorin I (Lp-I, 240 kDa) and apolipophorin II (Lp-II, 
80 kDa), and 50% of the lipoprotein mass is comprised of lipids. The Lps are 
derived from a common precursor, and post-translational processing produces the 
apolipophorin subunits in a one-to-one ratio in mature Lpp particles (Weers et al., 
1993). Lpp’s are assembled in the fat body with Lp and lipids. Lpp is composed of an 
outer phospholipid monolayer and inner core of cholesterol esters and triglycerides. 
Hh in the discs co-fractionates and co-localises with Lpp and influences Hh signaling 
pathway. In this manner, Lpp plays a role in both nutrient distribution and 
developmental pathways. Knocking down Lpp kept Hh from traveling and influencing 
long distance target genes. In this case, most of the Hh remained confined to the 
cells near the AP boundary (Panakova et al., 2005). In addition to Hh, it was also 
shown that Lpp particles interact with Heparan Sulphate moieties of HSPGs, and that 
the interaction affect Hh signaling and expression of target genes (Eugster et al., 
2007). Since Hh is quite an important protein that plays role in development, it is not 
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a surprise that various mechanisms could interplay to control its spatial and temporal 
distribution.  
1.6 Hh signaling. 
Most of the Hh signaing pathway components are conserved across species. Hh is 
the ligand and its signal is received via a 12-pass membrane protein called Ptc 
(Marigo et al., 1996; Stone et al., 1996). It has a twelve transmembrane domain 
including a Sterol Sensing Domain, and two large extracellular loops implicated in 
binding Hh. Ptc is similar to SCAP (sterol regulatory- element binding protein 
(SREBP) cleavage-activating protein) and NPC1 (Niemann-Pick type C-1 disease 
gene) all of which are structurally related to the larger RND (resistance nodulation 
division) family of proton driven transmembrane transporters (Tseng et al., 1999).  
In the absence of Hh, Ptc inhibits the activity of Smoothened (Smo), another 
multipass transmembrane protein. How Ptc inhibits Smo activity is still not completely 
understood. It is known that it represses Smo at substoichiometric levels (Taipale et 
al., 2002). Smo also shuttles between the plasma membrane and a sub-cellular 
compartment (Jia et al., 2003; Ruel et al., 2003) and accumulates at the plasma 
membrane when Ptc mediated repression is released by Hh. Some lines of evidence 
suggest that Ptc inhibits the pathway by keeping Smo away from the plasma 
membrane or increasing its degradation (Denef et al., 2000; Nakano et al., 2004). 
Since Ptc had a SSD and it has a sequence similarity with RND transporters, it was 
speculated that Ptc inhibits Smo by lipid trafficking. This hypothesis was also 
supported by the observation that Smo activity could be modulated by small lipophilic 
molecules (Chen et al., 2002a; Chen et al., 2002b; Frank-Kamenetsky et al., 2002). 
It has recently been shown that Lpp not only influences the secretion but is also 
important for repressing the pathway in the absence of Hh. Ptc accumulates in the 
endosomes with Lpp and mobilizes the lipid contents of Lpp to destabilize Smo 
(Khaliullina et al., 2009).  
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In addition to the role of inhibitory lipids used by Ptc to repress the pathway, it has 
also been proposed that, another protein involved in lipid metabolism SacI, inhibits 
the pathway by repressing PI4P formation that is involved in activating the pathway 
in the imaginal discs. P14P activates the pathway by relocalizing Smo to the 
membranes (Yavari et al.). 
When Smo is inactive, its cytoplasmic tail interacts with a kinesin like protein Costal 2 
(Cos 2), which inhibits Hh signaling.  Cos 2 forms a scaffold for Protein Kinase A 
(PKA), Casein Kinase I (CKI), Glycogen Synthase Kinase 3β (GSK3β) and Fused 
(Fu) based on its ability to interact with microtubules. In the absence of Hh, the 
kinases hyperphosphorylate the untimate transcription factor, Ci155 (Price and 
Kalderon, 2002). Phosphorylation targets Ci155 to the proteasome that partially 
degrades it to a shorter form Ci75. Ci75, also refered to as CiR is a repressor form of 
the transcription factor Ci155 that repress the expression of target genes. Apart from 
this scaffold, Ci155 is also retained in the cytoplasm by another protein Suppressor of 
Fused (Sufu). Although Sufu retains Ci155 in the cytoplasm it does not allow its 
processing to Ci75.(Aikin et al., 2008).  
Studies of Ci activity in LpRNAi, Fu and dally mutant wing (Alves et al., 1998; 
Eugster et al., 2007; Wang and Holmgren, 1999) suggest that stabilization of the full 
length Ci155 is not sufficient to activate target genes. The nature of the additional 
modifications, required for the activity of Ci155, is not understood. 
In the presence of Hh, Ptc activity is inhibited, Smo can accumulate at the 
basolateral membrane and Smo can actively signal. The signal via Smo is 
transduced to the downstream signaling components and the pathway is activated. 
As a response to Hh, Smo, Fu, Cos2 and Sufu are phosphorylated. Phosphorylation 
of Smo stabilizes it at the plasma membrane and also activates the pathway (Denef 
et al., 2000; Jia et al., 2004; Zhao et al., 2007). In response to Hh, Cos2 association 
with PKA and GSK3β and CKI ceases, as a result of which Ci155 is no longer 
phosphorylated. The proteolysis of the transcription factor Ci155 to Ci75 ceases. The 
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active Ci155 translocates to the nucleus and activates the expression of genes like 
Dpp, Ptc and Col (Hooper and Scott, 2005).  
1.7 Target genes of Hh Signaling.  
Decapentaplegic (Dpp): Dpp gene is expressed in a stripe of AP compartment 
boundary in response to Hh (Basler and Struhl, 1994; Capdevila et al., 1994; Tabata 
and Kornberg, 1994), although all anterior cells can respond to ectopic HhNp by 
expressing Dpp. Hh regulates the growth of imaginal disc via Dpp. It is speculated 
that Hh expressing posterior cells may normally stimulate cell proliferation in the 
anterior compartment, possibly by inducing Dpp protein expression. Low 
concentration of Hh could also lead to alleviation by Ci repression and activation of 
Dpp expression(Muller and Basler, 2000). Further Dpp secreted from the anterior 
compartment boundary could stimulate growth and organize patterning in the 
posterior compartment (Zecca et al., 1995). Consistent with this loss of Dpp in the 
anterior cells adjacent to the compartment boundary causes a similar phenotype to 
that caused by loss of Hh function. However, whether Dpp alone is responsible to 
rescue the growth phenotype of loss of Hh is still unknown.  
Patched: Ptc plays a role in anterior-posterior pattern formation in D. melanogaster 
in response to Hh (Strigini and Cohen, 1997). It is known as a tumor suppressor. Ptc 
is transcribed at a low level in the entire anterior compartment. This is upregulated in 
response to Hh from the posterior compartment near the AP boundary. Binding of 
Ci155 to the Ptc promoter brings about this up-regulation. Ptc does not respond to the 
Ci repressor form and is expressed only in response to high Hh levels. Ptc is 
upregulated in response to Hh. Ptc also sequesters Hh. This suggests that Hh limits 
its own spread by Ptc (Chen and Struhl, 1996).  
Collier:  Col is a transcription factor and also a target gene of Hh. It is expressed at 
the AP boundary compartment in response to Hh secreted from the posterior 
compartment(Vervoort et al., 1999). It is involved in maintaining vein positioning and 
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wing size, that are attributed to its ability to up-regulate of Extramachochate and 
Notch signaling. Collier mutant wings are smaller than wild type and lack L4 vein, L3-
L4 intervein and L3 mis-positioning (Vervoort et al., 1999).  
 
 
 
 
 
Figure 1.7: Hh Signaling Pathway. A. In the absence of Hh, Ptc represses Smo, most likely 
by targeting it to degradation by utilizing the inhibitory lipids of the Lpp particles in the same 
endosomal compartment. The full-length Ci155 form is inactive or is processed into repressor 
form to down regulate the target gene expresseion. B. In the presence of Hh, Ptc repression 
on Smo is alleviated; Smo accumulates and moves from intracellular vesicles to the plasma 
membrane and therefore pathway becomes active. Smo is then phosphorylated by PKA, 
GSK3β and CKIα. Fused and Suppressor of Fused is phosphorylated. Ci phosphorylation 
ceases, as a result of which, activating form of Ci enters the nucleus to up-regulate target 
gene expression levels (Eaton, 2008; Hooper and Scott, 2005; Khaliullina et al., 2009). 
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2 Scope of the Thesis. 
  
Developmental signals in form of morphogens play an extremely important role in 
deciding the fate of a cell during development. The spatial distributions of such 
molecules are very tightly regulated. The chemical structure of most of these 
morphogens reveals a lipid modification that could dictate their function and 
movement. Interestingly, the mechanisms that govern the movement of these 
lipophilic proteins across various cells and tissues are still unclear. Different studies 
suggest that morphogens could move by diffusion, migration, transcytosis, cell 
extensions, as membrane packets or by their attachment to carrier molecules like 
Lpp. Interestingly, all these studies indicate local distribution of morphogens in the 
form of a gradient across various compartments of the tissue. We wanted to 
understand the role Hh in the growth and development of Drosophila. We initiated 
our studies to understand the mechanisms by which Hh reach tissues that lack 
compartments involved in production of these morphogens, but possess various 
signaling components. Our results reveal a novel mechanism by which Hh could 
exhibit its effect. With the help of biochemistry, genetics, imaging and molecular 
biology techniques we demonstrate that ‘Hh’ (Hh), which is implicated in growth and 
patterning of embryo and imaginal discs in D. melanogaster, also circulates 
systemically with Lpp in the hemolymph and reaches tissues where it is not 
transcribed. 
Over-expression experiments suggest that systemic Hh is the active form, which is 
capable of traveling from one tissue to another, activating Hh signaling cascade. In 
support to this observation, our experiments reveal that systemic Hh can also rescue 
the growth of wing disc in a Hh null background. In addition, we look at the targets of 
systemic Hh and show that the fat body is one of the targets of systemic Hh. We 
show that in the fat body Hh is present as protein but not transcribed, implying that it 
is a potential target of systemic Hh. 
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3 Results. 
  
3.1 The N-terminal active form of Hh systemically circulates in the 3rd 
instar larva of D. melanogaster.  
Lpp particles associate with Hh and aid in Hh’s spread along the AP boundary in the 
wing imaginal disc, affecting its long-range target gene expression (Panakova et al., 
2005). Since Lpp also systemically circulates to meet the energy demands of various 
tissues, we wondered whether Hh is carried along with Lpp particles in the 
hemolymph.  
To address this question, hemolymph was collected by poking holes in the body wall 
of wild type larvae and temperature sensitive Hh (hhts/hhts) mutant larvae of D. 
melanogaster in buffer. hhts/hhts flies are viable at the permissive temperature of 
18°C and lose the activity of Hh as they are shifted to 29°C (Ma et al., 1993). This 
hemolymph was subjected to centrifugation steps to remove cells, organelles and 
membranes. The supernatant was then subjected to western blot analysis. Hh was 
identified with the help of anti-Hh antibody. Anti-Hh antibody recognizes the N-
terminal processed form of Hh, HhNp (Mann and Beachy, 2004). Absence of a band 
corresponding to Hh in the temperature-sensitive mutant confirmed the specificity of 
the band (Fig 3.1). A secreted form of GFP was expressed ubiquitously and was 
used as a loading control for hemolymph. Both control and hhts/hhts larvae secreted 
equivalent amount of GFP in the hemolymph.   
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Figure 3.1: Hh circulates in the 3rd instar larval hemolymph. A. Western blot showing 
presence of Hh in the hemolymph from control larvae and absence of Hh from the 
hemolymph of mutant animals. Hemolymph collected from control 3rd instar larvae probed for 
anti-Hh shows presence of 19kDa N-terminal active Hh. Hh is absent from the hemolymph of 
hhts/hhts mutant animals. Control and hhts/hhts larvae secrete GFP under the control of tubulin 
promote Sec-GFP is used as loading control. B. Imaginal wing disc showing absence of Hh 
from the mutant hhts/hhts in comparison to control hhts/TM6. Tubulin is used as a loading 
control.  
3.2 The systemically circulating form of Hh co-fractionates with Lpp 
particles.  
After we established that Hh systemically circulates, we wondered whether 
systemically circulating Hh co-fractionates/associates with Lpp. Hemolymph collected 
from 3rd instar larvae was subjected to centrifugation at 120,000g for 3 hours, 
whereby the plasma membrane and the exosomal marker CD63 are completely 
pelleted (Panakova et al 2005). The supernatant collected contains both soluble 
proteins and Lpp particles. Therefore, isopycnic density centrifugation was performed 
on the supernatant hemolymph to separate soluble proteins from Lpp particles. In the 
gradient, Lpp from the hemolymph moves to the top low-density fraction and the 
soluble proteins are present in the higher density fraction as revealed from the 
western blot (Fig 3.2). With the help of an anti-Hh antibody, we confirmed the 
presence of Hh with Lpp in the same fraction. Lpp is confirmed by antibody against 
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Lp. We observed that Hh from the hemolymph is enriched in the fractions that 
contain low-density Lpp particles.  
This experiment shows that, virtually all systemic Hh co-fractionates with Lpp 
particles in the top fraction of isopycnic density gradients.  
 
 
Figure 3.2: Lpp and Hh cofractionate when subjected to density gradient 
centrifugation. A. Western blot showing Lp from different fractions obtained after hemolymph 
was subjected to density gradient centrifugation. B. Western blot from the same fractions 
showing presence of Hh. Hh co-fractionates with low-density Lpp particles. 
3.3 Systemic Hh levels do not depend on Lpp levels in the 
hemolymph. 
Systemic Hh cofractionates with Lpp. We next wanted to know whether systemic Hh 
requires Lpp to be secreted into the hemolymph. To study whether Lpp levels affect 
Hh levels in the hemolymph we used the well established UAS-Gal4 system (Tabata, 
2001; Wartlick et al., 2009). We studied the levels of HhNp in hemolymph of animals 
where Lpp levels were reduced by driving LpRNAi in the fat body with the help of 
Adh-Gal4 driver. Hemolymph collected from LpRNAi larvae was subjected to 
120,000g centrifugation as before, and then the non-fractionated supernatant was 
subjected to western blot analysis. Surprisingly and interestingly, Hh levels in these 
animals did not seem to be affected, despite the decrease in Lpp levels (Fig 3.3). 
This may suggest that Hh is secreted in a non-Lpp associated form when Lpp is 
unavailable. Alternatively, RNAi might not reduce the Lpp levels significantly to 
prevent the secretion of Hh.  
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Figure 3.3: Hh levels are 
unaltered by knocking down 
Lp levels in hemolymph. A. 
Western blot showing levels of 
LpI and LpII in hemolymph 
between control and Adh-
Gal4>LpRNAi larvae. The 
levels are decreased but Lpp 
is still detectable. Adh-Gal4 is 
expressed in fat body. B. Hh 
levels do not respond to the 
decreased levels of Lp in the 
hemolymph. 
3.4 The source of systemic Hh. 
Next, we wanted to know the source of systemic Hh. Hh-Gal4 is an enhancer trap 
driver, which should cover almost all the tissues that express Hh endogenously. 
According to the expression pattern of UAS-membrane bound GFP driven by Hh-
Gal4, this driver is active in brain, wing discs, limb disc, a few cells in the gut, and the 
ectoderm. 
Surprisingly, when HhRNAi was driven with Hh-Gal4 at 29ºC it was observed that, 
although there were no wing discs in these larvae due to lack of Hh, the Hh 
hemolymph levels remain unaltered. On the other hand, knocking down Hh levels 
with a ubiquitous driver like Tubulin-Gal4 leads to the complete disappearance of the 
HhNp band from the hemolymph (Fig 3.4). This experiment strongly suggests that 
discs are not the source of circulating Hh and that Hh is secreted into the hemolymph 
from a source tissue that does not overlap with the expression pattern of Hh-Gal4.  
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Figure 3.4: Systemic Hh is not secreted from tissues covered by Hh-Gal4 driver. A. 
Western blot showing almost equal levels of Hh from hemolymph of UASDicer>Hh-Gal4 
(control) and Hh-Gal4>HhRNAi>UASDicer. Hemolymph collected from 3rd instar larvae of 
UASdicer>Hh-Gal4 (control) and Hh-Gal4>UASDicer>HhRNAi (experiment). 5 day old larvae 
grown at 29°C. B. Hemolymph collected from 3rd instar larvae of UASdicer>Tubulin-
Gal4(control) and Tubulin-Gal4>UAS Dicer>HhRNAi(experiment). LpII is used as loading 
control in both cases. 
3.5 Systemic Hh can travel from one tissue to another. 
Since we already established Hh in systemic circulation (Fig 3.1), we wanted to study 
whether it can travel from one tissue to another via the hemolymph. Specifically we 
wished to test whether Hh expressed in the fat body could travel to the disc and vice 
versa. To study this, we once again used the UAS-Gal4 system. We used Lp-Gal4 
and Hh-Gal4 to express UASHhGFP in the fat body and the wing imaginal discs. But, 
first we needed to confirm that the Gal4 drivers were actually specifically active in the 
appropriate tissues. In particular Lp-Gal4 (Brankatschk and Eaton, 2010) should not 
drive expression in discs and the Hh-Gal4 should not drive expression in the fat body.  
To confirm that the driver Hh-Gal4 is not active in the fat body, we looked at the fat 
body of UAS-CD8GFP larvae driven with Hh-Gal4 (Fig 3.5). GFP expression was 
observed in the posterior compartment of the wing disc. No GFP signal was detected 
in the fat body. This suggests that Hh-Gal4 is not active in the fat body.  
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Figure 3.5: Expression pattern of 
Hh-Gal4 in the fat body and in 
the wing disc. Fat body from Hh-
Gal4>CD8GFP do not express any 
GFP. Wing disc from the same 
animals showing presence of 
CD8GFP (green) in posterior 
compartment. Membranes are 
stained with FM-4-64 (red). 
 
Conversely, we wished to confirm that Lp-Gal4, which should be restricted to the fat 
body, did not drive in the wing disc.  
To confirm this, we expressed UAS-CD8GFP with Lp-Gal4. We then examined the 
fat body and the wing discs by immuno-fluorescence with a confocal microscope. 
FM4-64 was used to stain the membrane. FM4-64 is a red fluorescent amphiphilic 
styryl dye that embeds into the membranes. GFP could not be detected in the wing 
disc of these animals, while membrane bound GFP could be easily detected in the fat 
body (Fig 3.6 A and B).  
To corroborate this result, UAS-V5CD8 (Brankatschk and Eaton, 2010) was 
expressed under the control of Lp-Gal4. V5CD8 is a protein found in Paramyxovirus 
and forms an excellent epitope for anti-V5CD8 antibody. In this case, V5CD8 was 
inserted on the cytoplasmic side of the transmembrane domain from CD8 so that it is 
confined to membranes. Fat bodies and wing discs of animals that expressed UAS-
V5CD8 under the control of Lp-Gal4 were subjected to western blotting. The absence 
of a V5CD8 signal in the discs of Lp-Gal4>UAS-V5CD8 larva confirms that Lp-Gal4 
does not have a leaky expression in the wing disc (Fig 3.6 C and D).  
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Figure 3.6: Lp-Gal4 is 
not expressed in the 
imaginal wing disc. A. 
Confocal sections of the 
fat body expressing UAS-
CD8GFP driven by Lp-
Gal4. B. Lp-Gal4> UAS-
CD8GFP is not 
expressed in the wing 
disc. C. Western blot 
showing ectopically 
expressed V5CD8 protein 
in the fat body when 
UAS-V5CD8 is driven by 
Lp-Gal4. D. Western blot 
that shows UAS-V5CD8 
is not expressed in the 
imaginal wing disc of Lp -
Gal4>UAS-V5CD8 
larvae. In C and D the control genotype is UAS -V5CD8. 
 
To study whether Hh could travel from one tissue to another, we ectopically 
expressed HhGFP, fusion protein (Vyas et al., 2008) to differentiate it from 
endogenous Hh in the wing disc under the control of the Hh-Gal4 driver (Fig 3.5A). 
All the tissues from larvae with genotype Hh-Gal4>UASHhGFP were individually 
dissected and subjected to western blot analysis with an anti-Hh antibody. Results 
from these experiments revealed HhGFP in the wing disc, hemolymph and the fat 
body (Fig 3.5 A-D).  
Since Hh-Gal4 is not expressed in the fat body, these results suggest that HhGFP 
produced in the wing disc or other tissues in which Hh-Gal4 is active, is secreted into 
the hemolymph and can travel to the fat body.  
Conversely, we ectopically expressed HhGFP in the fat body (Fig 3.5F), and 
analyzed the fat body, the hemolymph and the wing disc by western blotting. We 
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observed that HhGFP can be processed, and secreted from the fat body into the 
hemolymph (Fig 3.5E). Furthermore it can also travel to, and accumulate in the wing 
discs (Fig 3.5 D).  
These experiments suggest that although Hh is a morphogen that can be retained in 
tissue and act locally, it can also be secreted into the hemolymph and travel from one 
tissue to another.  
 
 
Figure 3.7: Hh can travel from Wing Disc to Fat body and vice-versa. A. Overexpression 
of HhGFP in the wing disc with Hh-Gal4. B. HhGFP from the disc gets in hemolymph. C. 
HhGFP from the wing disc gets accumulates in the fat body. D.. Overexpression of HhGFP in 
the fat body with Lp-Gal4. E. HhGFP from the fat body gets in hemolymph. F. HhGFP from fat 
body accumulates in wing disc. The loading control for wing discs and fat bodies is tubulin. 
Incase of hemolymph its LpII. 
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3.6 Elevated circulating Hh levels causes Fused Phosphorylation, and 
wing disc growth.   
The next question was to establish whether systemically circulating Hh could signal. 
One of the tissues where Hh signaling is well established is the wing imaginal disc. 
Hh secreted from the posterior compartment of the wing disc, forms a gradient in the 
anterior compartment near the AP compartment boundary. Here it acts on the 
receptor Ptc, this relieves Smo repression, resulting in the phosphorylated form of the 
Fu kinase. and ultimately activating and stabilizing the transcription factor Ci155. This 
results in the transcription of target genes like Dpp and Ptc. Activation of the pathway 
can thus be studied either through phosphorylation of the kinase Fu (Ramirez-Weber 
et al., 2000), stabilization of Ci155 or activation of the target gene Dpp transcription.  
To demonstrate the function of systemic Hh, we expressed HhGFP ectopically in fat 
body by Lp-Gal4 and assayed its effects on Fu phosphorylation,  Ci155 stabilisation 
and Dpp transcription levels on imaginal discs by western blotting and immuno-
fluoresence. Ci155 was detected using an antibody that recognizes the full-length 
form. Dpp-lacz was detected using an anti-βgal antibody. Dpp-lacz is used to monitor 
the expression of Dpp (Blackman et al., 1991; Strigini and Cohen, 1997). 
Western blotting revealed that Fu phosphorylation in the wing disc increases in 
response to the increasing levels of systemic Hh (Fig 3.8 A). 
Ci155 levels in these discs were stabilized throughout the anterior compartment in the 
discs from Lp-Gal4>UASHhGFP. Surprisingly we observed that Ci155 levels at the AP 
boundary of these discs were lower than the Ci155 levels at the AP boundary of the 
wild type discs (Fig 3.8B b and c).  
Consistent with this, the levels of target gene Dpp at the AP boundary is lowered and 
narrowed when compared to the wild type discs, although ectopic expression of Dpp 
is observed in the hinge region (Fig 3.8 d and f). This is very surprising as it suggests 
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that Lpp associated systemically circulating Hh inhibits the normal local Hh signaling 
at the AP boundary in the wing discs. 
 
Figure 3.8: Expression of Hh exclusively in fat body leads to activation of Hh pathway 
components in the wing disc. A. Fused phosphorylation level in the wing disc goes up as a 
result of increased HhGFP levels in the hemolypmh. UAS HhGFP is driven ectopically in the 
fat body using Lp-Gal4. Fused phosphorylation levels also increases in the fat body of the 
same animals. B. Wing imaginal discs from wild type animals and Lp-Gal4>HhGFP animals 
stained for the transcription factor Ci155 and the Hh target gene Dpp. The line represents the 
AP boundary. The scale bar is 10µm a. Dpplacz/+ disc stained for Ci155. b. Lp-
Gal4>HhGFP>Dpplacz/+ stained for Ci155. c. Average of Ci155 staining intensity of 5 Dpplacz/+ 
discs and 5 Lp-Gal4/UasHhGFP>Dpplacz/+ discs. The box in the image reflects the area 
quantified. d. Dpplacz/+ disc stained for Dpp. e. Lp-Gal4>UASHhGFP Dpplacz/+ stained for 
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Dpplacz. f Average of Dpplacz staining intensity of 5 Dpplacz/+ discs and 5 Lp-
Gal4>UASHhGFP>Dpplacz/+. The box reflects the area quantified. 
 
These wing discs are very similar to the discs obtained from LpRNAi discs, where 
Ci155 is stabilized in the entire anterior compartment but the target genes of Hh fail to 
activate at the AP boundary (Panakova et al., 2005). Since lipids derived from Lpp 
can rescue this phenotype, this suggests that systemic Hh might act antagonistic to 
the inhibitory lipids from the Lpp particles, in stabilizing Ci155 throughout the anterior 
compartment and failing to activate the target genes at the AP boundary (Khaliullina, 
Panakova et al. 2009).  
Furthermore, the anterior compartment of discs from Lp-Gal4> UASHhGFP was 
enlarged, as compared to the control flies, possibly due to the ectopic expression of 
Dpp in the hinge region. Although the size of wing imaginal discs is affected these 
animals are viable with no obvious phenotype.  
3.7 Systemically circulating Hh can rescue wing disc growth. 
In order to differentiate the role of systemic Hh from locally produced Hh in the wing 
disc, we expressed systemic Hh in temperature sensitive hhts/hhts mutant animals.  
Homozygous hhts/hhts flies are perfectly viable at permissive temperature of 18°-22°C 
and lose the activity of Hh as they are shifted to the restrictive temperature of 29°C. 
At the restrictive temperature, hhts/hhts mutant flies are non viable and possess 
rudimentary wing discs in their larval stages depending on the time they are shifted to 
the restrictive temperature.  
 When Hh is expressed under the control of the Lp-Gal4 driver, circulating Hh levels 
are much higher (approximately 8 folds) than those in wild type larvae. However we 
also wanted to use a driver that produced a more moderate level of Hh. We used the 
Npc-Gal4 driver for this purpose. Npc-Gal4 is a gut driver that secretes much less Hh 
than Lp-Gal4 driver (about 2 times more than wild type larvae) (Fig 3.9).   
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Figure 3.9: Npc-Gal4 secretes much less 
Hh than compared to driver Lp-Gal4. 
Western blot showing relative amount of Hh in 
hemolymph collected from UASHh larve, Lp-
Gal4>UASHh, and Npc-Gal4>UASHh larvae. 
Protein levels are normalized using BCA test. 
30µg of protein is loaded in each well. 
 
We ectopically expressed wild type HhNp in the fat body or gut of homozygous 
hhts/hhts larvae, under the control of either Lp-Gal4 driver or Npc-Gal4 and studied 
the development of the wing disc. These larvae do not possess any local 
(endogenous) Hh activity in the wing discs. The embryos were allowed to develop for 
48 hrs at 22°C so that their embryonic development is complete before shifting them 
to the restrictive temperature of 29°C. The larvae were harvested on the 4th day (82 
hrs after the shift).  
The discs collected were fixed and stained with En as a posterior compartment 
marker and Ci155 as an anterior compartment marker. The size of these discs was 
measured using Image J software. In a different set of experiments, we also looked 
at the levels of Hh that reached these discs by immuno-fluorescence and western 
blotting using anti-Hh antibody. 
We observed that wing disc growth could be rescued from Lp-Gal4>UASHh hhts/hhts 
and Npc-Gal4>UASHh hhts/hhts (Fig 3.10). Wing discs were almost 10 folds bigger 
than the discs from control UASHh hhts/hhts larvae. I used UASHh hhts/hhts as a 
control to show that it acts similar to hhts/hhts and that it does not have a leaky 
expression of its own. Further, discs retrieved from Lp-Gal4>UASHh hhts/hhts animals 
had bigger anterior compartment than posterior compartment, thus disproportionate 
growth whereas discs from Npc-Gal4>UASHh hhts/hhts proportional posterior and 
anterior compartments (Fig 3.10 C and D). 
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Nevertheless, in both the cases the animals died before eclosion or in the pupal 
case, suggesting an indispensable requirement of local Hh for full adult development. 
 
Figure 3.10: Systemic Hh can rescue the size of the hhts/hhts wing imaginal disc. A.a  
UASHh hhts/hhts disc grown for 96 hrs at permissive temperature and then shifted to 
restrictive temperature of 29°C for 24hrs. (b-e) Discs are cultured at 22 for 48 hrs and then 
shifted to 29°C for 3 days. b. Wing imaginal disc from wild type larvae. c. Lp-Gal4>UASHh 
hhts/hhts d. Npc-Gal4>UASHh hhts/hhts e. UASHhhts/hhts..  B. Quantification of the size of the 
disc.  7 discs from each genotype were analysed for their size using image J software. Area of 
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the total wing disc was measured. C. Relative area of the posterior compartment. D. Area 
from the anterior compartment.  The differences in the size between UASHh hhts/hhts (e) 
larvae and rescued discs from Lp-Gal4 and Npc-Gal4 are significant with P-value <0.05.  
We wondered, how much Hh accumulated in the discs in each case. We studied, the 
distribution and the levels of Hh that reached these discs by immuno-fluorescence 
and western blotting. As control we used UASHh hhts/hhts discs that were just shifted 
for only 24 hrs at 29°C. The absence of Hh in the discs of these larvae strongly 
suggests that the restrictive temperature is sufficiently effective in knocking down the 
endogenous local Hh from the wing disc (Fig 3.11A d).  
By western blotting, we found that discs from Lp-Gal4>UASHh hhts/hhts animals had 
equivalent amount of Hh as present in the discs of wild type animals. Further when 
we studied the distribution of Hh on these discs by immuno fluorescence we 
observed that Hh is uniformly present throughout these discs at a level that is 
normally reached in wild type discs only near the AP boundary, where the highest 
level of Hh signaling occurs (Fig 3.11A). 
In contrast, Hh is barely detectable by western blot and is invisible by immuno- 
fluorescence in UASHh hhts/hhts discs where systemic Hh is present at the lower 
levels produced by Npc-Gal4 (Fig 3.11 B). 
 We noted that the higher levels of systemic Hh produced by Lp-Gal4 leads to 
accumulation of higher amounts of Hh in the discs and increased the size of hhts/hhts 
discs more than one produced at moderate levels of systemic Hh by Npc-Gal4 driver. 
 
To study the cause of the partial disc growth rescue by ectopic circulating Hh, we 
looked at the transcription factor Ci155 and target gene Dpp, Ptc and Col in these 
discs. Dpp. Dpp is a growth factor that is expressed at the AP boundary in the wild 
type discs (Blackman et al., 1991; Strigini and Cohen, 1997). 
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Figure 3.11: Amount of Hh in the hemolymph and wing disc. A. a. Confocal image 
showing Hh in the posterior compartment of Wild type disc. (b-c) Imaginal disc from larvae 
where Hh is ectopically expressed by Lp-Gal4 (fat body) and Npc-Gal4 (gut) in hhts/hhts 
background. (a-c) Discs are cultured at 22°C for 48 hrs and then shifted to 29°C for 3 days. d. 
UASHh hhts/hhts disc grown for 96 hrs at permissive temperature and then shifted to 
restrictive temperature of 29°C for 24hrs. All the discs are stained in parallel and imaged 
under similar conditions. Scale bar 20µm. B. Western Blot showing different levels of Hh in 
the discs as compared to control UASHh discs 
 
Since rudimentary discs made by UASHh hhts/hhts larvae shifted for four days were 
too small to analyze, we examined Ci155 and Dpp levels in the larger hhts/hhts discs 
made by animals shifted to the restrictive temperature for only 24 hours. As 
expected, Ci155 and Dpp-lacz were almost undetectable in these discs.  
When circulating Hh is produced at moderate levels by Npc-Gal4, the small amount 
of Hh that accumulate in the discs are insufficient either to stabilize Ci155 or activate 
transcription of Dpp lacz (Fig 3.12 B and B’).  
This growth rescue was very surprising, since, there was no activation of Dpp at the 
AP boundary nor was there any ectopic Dpp expression in any region of the disc (Fig 
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3.12). This suggests the strong possibility that the growth induced by the moderate 
levels systemic Hh is not directly via Dpp. Therefore we speculate a presence of 
another factor that is affected by systemic Hh, and results in the rescue of disc 
growth. This also suggests that circulating Hh levels are normally too low to affect Hh 
signaling in the disc directly and the growth promoting effects may be indirect.  
In discs from Lp-Gal4>UASHh hhts/hhts that accumulate high levels of Hh throughout 
the discs, Ci155 is stabilized and present in uniform levels throughout the anterior 
compartment of the entire disc (Fig 3.12C’). In this case, the expression level of 
short-range patterning genes like Ptc and Col is not recovered at all at the AP-
boundary (Fig 3.13), inspite of the presence of same amount of Hh as in the cells of 
AP boundary of the wild type discs. Surprisingly, however Dpp-lacz expression is 
activated only in a very restricted region of the hinge and not at all in the wing pouch 
(Fig 3.12C). This also explains the reason for enlarged anterior compartment in these 
discs, ultimately disproportionate wing discs.  
 
 We conclude, since a moderate level of systemic Hh is also able to rescue the disc 
growth without activating Dpp expression; that endogenous systemic Hh affects disc 
growth indirectly, independent of Dpp.  
Further, systemic Hh is unable to rescue the gene expression of target genes like Ptc 
and Col, suggesting the importance of local Hh for patterning. 
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Figure 3.12: Dpp at the AP boundary is not rescued by Systemic Hh. (A-D) Wing imaginal 
disc stained for β-Gal for Dpp-lacz. (A’-D’) Wing imaginal disc stained for transcription factor 
Ci155. Start of Ci155 marks the AP boundary. (A and A’) Wild type discs. (BandB’) Wing 
imaginal disc from Npc-Gal4>UASHh hhts/hhts. (CandC’) Lp-Gal4>UASHh hhts/hhts. 
Embryonic development were allowed for 48hrs at 22°C (Permissive temperature) then 
shifted to 29°C for 96hrs (Restrictive temperature). (D-D’) Wing disc from UASHh hhts/hhts 
where development was allowed till early 3rd instar larvae (120hrs) and then shifted to 
restrictive temperature for 24 hrs. (EandE’). Quantification of Dpp-lacz staining intensity in 4 
discs of each genotype of most apical 3µm of each disc. E’ Quantification of Ci155 staining 
intensity in 4 discs of each genotype of most apical 3µm of each disc. The box in the disc 
shows the area quantified. All discs were stained in parallel and imaged at the same day 
under identical conditions. 
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3.8 The target tissue of systemic Hh.  
The other interesting aspect of the systemic Hh was to find out what tissues might 
normally respond to circulating Hh. Good candidates would be tissues that do not 
themselves express Hh but do express components of the Hh signalling pathway. 
Additionally, such tissues might contain Hh protein despite the fact that they do not 
produce it. According to a report by Suh et al 2006, Hh plays an important role in 
triglyceride metabolism in the fat body. It was therefore interesting to investigate 
whether the fat body expresses Hh or receives it systemically.  
To study that, RT-PCR was performed with fat body from which gonads had been 
removed. Gonads could be a source of Hh and Hh pathway components, therefore it 
was necessary to remove them.  As a positive control, the same set of primers for the 
genes were used to perform RT-PCR on RNA extracted from embryos.  Hh is 
expressed in the posterior segment in the embryo (Colombani et al., 2005; Geminard 
et al., 2009; Hietakangas and Cohen, 2009; Slaidina et al., 2009). As a negative 
control, water replaced cDNA as template. We observed that actin is transcribed both 
in the fat body and in the embryo. The same actin primers show a band of 415 bp 
spanning an intron when genomic DNA is used as a template. This was done to rule 
out the possibility of cDNA contamination by genomic DNA.  
Figure 3.13: Systemic Hh cannot rescue short range 
Hh target gene expression. A. Confocal section of 3rd 
instar wing imaginal disc showing Col expression in wild 
type disc. B. Col expression at the AP boundary in a wing 
disc from Lp-Gal4>UASHh hhts/hhts is absent. A’. 
Confocal image showing Ptc expression in a wild type 
disc. B’ Ptc expression at the AP boundary is absent in 
wing disc from Lp-Gal4>UASHh hhts/hhts. All discs were 
stained in parallel and imaged on the same day under 
identical conditions. 
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Figure 3.14: Fat body as a target of systemic Hh. RT-PCRs 
performed with total RNA extracted from fat body and 
Drosophila embryos. Actin was used as a positive control. Ptc, 
Ci and Smo transcripts are present in fat body and embryo. 
Hh transcript is present only in embryos and not in the fat 
body.  Genomic DNA as a template is used to rule out the 
possibility of amplification of the fragment from genomic 
contamination in the cDNA contamination.  
 
 
 
We observed that Ptc, Smo and Ci are transcribed in the fat body, and embryo. In 
contrast, the results revealed that Hh is not transcribed in the fat body (Fig 3.13).  
 
To ask whether Hh protein was ever present in the fat body, despite the fact that the 
gene is not transcribed there, we performed western blot on fat bodies from larvae of 
different stages. We examined early 3rd instar larvae that were still feeding and late 
3rd instar that were ready to pupariate. We could differentiate between both the 
stages based on blue food present in their gut. The feeding early 3rd instar larvae 
have blue guts because of the blue food in their gut whereas the guts of late 
wandering 3rd instar larvae is empty because they cease feeding. The blue food is a 
non-toxic compound in the fly food that does not affect normal metabolism (Fig 3.15) 
(Andres, A.J. et al. 1994). 
We observed that Hh in the fat body of the early 3rd instar larvae was almost 
undetectable when compared to the Hh in the fat body of late 3rd instar larvae.  
To confirm that Hh protein detected in the fat body was not produced there, we asked 
whether the protein levels could be reduced by fat body specific RNAi directed 
against Hh. The fat body specific driver Lp-Gal4 did not consistently reduce Hh 
Results
38
 
protein levels, whereas ubiquitous knockdown with Tubulin-Gal4 did reduce Hh to 
negligible levels both in the hemolymph and in the fat body (Fig 3.15).   
In addition to this, all the main proteins of the pathway, like Ptc, Smo, Sufu, Fu and 
Ci155 can also be detected in the fat body by western blotting (Data not shown). 
Thus the Hh present in the fat body is derived from circulating Hh, and therefore the 
fat body is a promising target tissue of systemic Hh.  
 
 
 
 
Figure 3.15: Hh accumulates in the fat body of late 3rd instar larvae. Western blot 
showing Hh levels in fat body of two different stages of wild type larvae. Hh levels in the fat 
body from late 3rd instar larvae is three times more than fat body from early 3rd instar larvae 
(almost undetectable). The stage specific difference is made on the basis of presence of blue-
dyed food in the gut. The entire gut is blue in early 3rd instar whereas by late 3rd instar the gut 
starts to become clear, and therefore no blue food could be detected (the larval picture is a 
generous gift from Falko Riedel)(Andres and Thummel, 1994). B. Western Blot showing Hh 
protein is present in the wild type fat body and absent from the fat body of animal in which Hh 
is knockdown by ubiquitous RNAi from Tubulin driven HhRNAi. Fat bodies were dissected 
from late 3rd instar larvae. Anti-tubulin is used as a loading control. Tubulin is used as a 
loading control. * is phosphorylated Fu.  
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4 Discussion. 
 
Although various aspects of Hh signaling are being studied, a very novel aspect 
remained unexplored. The way in which Hh spreads through developing tissues plays 
an important role in growth and pattern formation (Fig1.1). But I have shown here 
that the morphogen like properties of Hh fail to explain all aspects of Hh function. In 
my thesis work, I have discovered a new form of Hh that systemically circulates. I 
have tried to explore the function of this systemically circulating form of Hh.  
4.1 Hh systemically circulates.  
Here, for the first time we show that Hh circulates on Lpp particles in the hemolymph 
of third instar larvae (Fig 3.1, Fig 3.2). This suggests that Hh might function as a 
hormone as well as morphogen. Ectopic experiments suggest that Lpp can carry Hh 
through the hemolymph and deliver it to other tissues; Hh expressed in the fat body 
and the gut can travel to the wing disc. Conversely, Hh can also travel from wing disc 
to fat body (Fig 3.7) (Fig 4.1). 
 
 
Fig 4.1: Hh as a 
systemic factor:  
Hh circulate with 
Lpp in the 
hemolymph along 
with other systemic 
growth factors. It 
can travel from the 
wing disc to the fat 
body and vice-
versa. It can also 
travel from the gut 
to the wing disc.  
 
This might help us understand role of Hh in overall development of an organism. It 
raises various other questions like: ‘What is the source of this form of Hh’? What are 
Discussion
40
 
the targets of systemic Hh? What is the function of systemic Hh? What factors are 
involved in its secretion? How different does it act, when compared to local 
morphogen like Hh? Is it modified or processed in a manner that makes it different?  
4.2 Source of systemic Hh. 
We don’t know what is the actual source of systemic Hh, but RNAi experiments (Fig 
3.4) suggest that imaginal discs are not the source of Hh. There is a rudimentary disc 
in the Hh-Gal4>HhRNAi larve that does not express any Hh, nevertheless, the level 
of Hh in the hemolymph is not reduced. The source tissue for systemic Hh remains 
an open question. Either there are multiple tissues contributing to systemic Hh or a 
single uncharacterized tissue. A plausible source of systemic Hh could be the gut. 
When Hh secretion from the source tissue is inhibited in Disp mutant larvae, levels of 
Hh decreases in the fat body and in the hemolymph, in contrast to the gut that do not 
show any decrease in Hh levels (Data not shown). As we know that neither the wing 
imaginal disc nor the fat body is a source of systemic Hh, the gut could be a probable 
source of Hh in the hemolymph.  
4.3 Target of systemic Hh. 
Although we do not know the source of Hh, RT-PCR done from the fat body strongly 
suggests that fat body is one good target of systemic Hh, and definitely not a source 
tissue. It transcribes all the components of the Hh pathway, except Hh itself. 
Nevertheless, Hh protein along with other proteins of the pathway is found in the fat 
body. Furthermore Hh levels in the fat body change during development, they rise 
dramatically as larvae cease feeding before pupariation.  
Ectopic expression shows that raising circulating Hh can increase Fu 
phosphorylation, a-readout for Hh signaling.  
This is interesting because Hh signaling in adipose tissue and in the fat body 
decreases triglyceride storage (Suh et al., 2006). We speculate that increased uptake 
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of circulating Hh at the larval-pupal transition may promote the mobilization of 
triglyceride that supports pupal development.   
This transition could also be indirect. Apart from fat body, there could be other targets 
for systemic Hh. For example, the Ptc-Gal4 driver is active in the ring gland. Further, 
data from the lab suggests that ring gland harbors all the component of Hh signalling 
pathway, except Hh. This makes ring gland another target of systemic Hh. As 
mentioned before, the ring gland produces two main hormones, ecdysone and JH. 
This raises the possibility that systemic Hh could affect levels of ecdysone secretion 
from the ring gland.  
4.4 Systemic Hh influences growth.  
We observed that even moderate levels of circulating Hh that are not able to activate 
transcription of the Hh growth-promoting target gene Dpp, is nevertheless able to 
rescue the growth of hhts/hhts discs. Therefore, we suspect that growth rescue may 
be an indirect consequence of Hh signaling in another tissue. In this case ecdysone, 
DILPs or IDGFs could act as a second messenger to systemic Hh to promote growth 
as shown in (Fig 4.2). To out rule the possibility that local growth factor Dpp is 
responsible for the rescue of the growth, we will try to rescue hhts/hhts  discs by over 
expressing Dpp by a wing disc driver.  
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Fig 4.2: How systemic Hh could promote growth indirectly:  Systemic Hh from the 
plausible source could reach either Brain or ring gland and influence secretion of ecdysone or 
DILPs, that could be responsible for the rescue of the growth. Alternatively systemic Hh could 
reach the fat body and influence secretion of DILPs or IDGFs that could promote disc growth. 
The triglyceride mobilization could be a direct affect of systemic Hh on the fat body or indirect 
via an unidentified messenger that could be ecdysone from the ring gland.  
  
Systemic Hh rescues the growth but fails to influence patterning in the rescued wing 
imaginal disc. Why does circulating Hh not interfere with patterning by local Hh ? Our 
experiments suggest that the levels are too low. By varying the amounts of circulating 
Hh in a hhts/hhts background we have shown that discs do not activate canonical Hh 
target genes anywhere in the disc in response to normal levels of circulating Hh, or 
even when circulating Hh is moderately increased. Only dramatic increases in 
circulating Hh (for example those produced in Lp-Gal4> UASHh hhts/hhts larvae 
activate Hh signaling in the wing discs. This is because Hh accumulation in these 
discs approaches the amount normally found in cells near the AP boundary that 
activate the Hh signaling pathway. This level of Hh was able to produce ectopic Dpp 
expression in the hinge region.  
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We suspect that, in addition to Lpp-associated Hh, there must be another form of Hh 
that is released. Systemic and local Hh are secreted in the absence of Lpp. This 
suggests that there must exist at least one additional mechanism for Hh release. Hh 
is either released on some other particle in the absence of Lpp or it forms high 
molecular weight aggregates, as it is a highly hydrophobic protein. How might the 
signaling activity of these forms differ? Even though circulating Hh does not normally 
signal directly in the disc, we can use it to study the signaling activity of Lpp 
associated Hh. 
 
When circulating Hh levels are dramatically increased by over expressing Hh in the 
fat body, Hh is found at high levels throughout the disc. These levels are similar to 
those found in cells near the AP boundary that normally respond to locally produced 
Hh. Consistent with this, Ci155 in these discs is stabilized in the entire anterior 
compartment. However surprisingly target genes such as Dpp are only turned on in a 
very restricted region of the hinge. (Fig 3.8). Thus Lpp associated Hh is capable of 
stabilizing Ci155 but is inefficient at activating the expression of the target genes. This 
uncoupling between Ci155 stabilization and target gene transcription is also observed 
in Fu mutant, LpRNAi discs, and dally mutant discs (Alves et al., 1998; Eugster et al., 
2007; Wang and Holmgren, 1999).  In particular, Lpp knockdown cuases a similar 
phenotype in which Ci155 is stabilized, but target genes are not activated. Clearly 
additional Hh- dependent signals are required to allow the full length Ci155 to be active 
as a transcription factor. Work from our lab has shown that Lpp exerts a negative 
effect on the pathway by providing lipids that are used by Ptc to destabilize Smo 
(Khaliullina et al., 2009).Thus a likely function of Lpp-associated Hh is to prevent the 
utilization of Lpp lipids by Ptc. Perhaps an additional form of Hh may be required to 
generate the signals that allow target gene activation. 
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4.5 Future Implications. 
The discovery of systemic Hh opens up an immense possibility of understanding the 
role of Hh in growth and development of D.melanogaster.  It might give a very good 
insight into how proteins like Hh could influence hormonal pathways. Morphogens are 
lipid modified in order to regulate their spatial distribution. It would be interesting to 
see whether systemic circulation is particular to Hh or applies to other lipid-modified 
proteins that associate with Lpp. For eg, it would be interesting to see whether Lpp 
associated Wg, also act as a systemic growth factor. Additionally ecdysone levels 
affect Wg signaling. Does Wg signaling affects ecdysone signaling?  
 
Hemolymph provides a good system to study about different forms of Hh. We can 
study the difference between the influence of Lpp associated and Lpp non-
associated forms of systemic Hh on the wing disc.  
The study can also be extrapolated to test whether vertebrate Hh’s associate with 
Low Density Lipoprotien (LDL) particles in the blood. LDL particles are the equivalent 
of insect Lpp. If Hh is present on LDL particles in vertebrates, it might change the 
way we look at artherosclerosis. During artherosclerosis LDL particles deposit fatty 
acids, cholesterols, cellular waste products, calcium, and fibrin in the inner lining of 
arteries (Orford et al., 2000). Since we know that Ptc mobilizes lipids from Lpp and 
speculate that systemic Hh act antagonistic to these lipids, It would be interesting to 
know whether Hh on LDL would influence plaque deposition on the arteries in cases 
of artherosclerosis (Bijlsma et al., 2006). 
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5  Material and Methods. 
 
5.1 Fly Stocks. 
Wild type Oregon K, UASHh, hhts,Tub-Gal4 Dpp-lacz, were obtained from 
Bloomington Stock center. UAS-HhGFP flies were gift from Satyajit Meyer (NCBS 
BanGalore). Adh-Gal4 (Britton et al., 2002). Lpp dsRNA (Panakova et al., 2005). 
Tubulin-Sec-GFP flies were generated by Ali Mahmoud. Lp-Gal4 and UAS-V5CD8 
(Brankatschk, M. and Eaton, S 2010). UASCD8GFP (Lee and Luo, 1999). 
 
5.2 Western Blotting of hemolymph, fat body and wing disc. 
Larvae of the correct genotype were bled in ice cold Phosphate Buffer Saline + 
Protease inhibitor (ROCHE complete). Hemolymph collected was then centrifuged at 
4°C at 5000rpm for 30min to get rid of cells. Supernatant collected was subjected to 
centrifugation at 120, 000g for 3hrs to get rid of membranes.  Supernatant was then 
boiled in Laemmli sample buffer and analyzed by SDS-PAGE and Western blotting.  
Fat body and wing disc from 4 larvae were dissected on ice. Homogenized using a 
tight fitting pestle. Samples were then boiled in Laemmli sample buffer and analyzed 
by SDS-PAGE and Western blotting. Protein concentration was measured using 
Ponceau and BCA analysis and in general Lpp or secreted GFP was used as a 
loading control for hemolymph. Tubulin was used as a loading control for wing disc 
and fat body. Primary antibodies were used as follows: anti Hh 1:500, anti-Lp1 
1:5000, anti-LpII 1:5000, anti-Fu 1:100, anti-Ptc 1:100, anti-GFP 1:750 (Santa Cruz), 
anti-V5CD8 1:1000. Secondary HRP conjugated antibodies were usually used in 
dilution 1:5000. 
 
5.3 Immunohistochemistry and image analysis. 
 Imaginal discs from desired larvae were dissected in PBS (Phosphate Buffer Saline) 
+ Protease inhibitor. Fixed in 4% paraformaldehye in PBS for 20 min and then 
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permeabilized with 0.1% Triton-X-100 in PBS (PBT) twice for 10 min. Imaginal discs 
were then blocked three times for 15 min in PBT + 1mg/ml BSA+ 250mM NaCl, then 
incubated overnight at 4°C with primary antibody in PBT + 1mg/ml BSA. Then they 
were washed twice for 20 min with PBT + 1mg/ml Bovine Serum Albumin and twice 
for 20 min with blocking solution PBT + 1mg/ml BSA + 4% Normal Goat Serum. The 
imaginal discs were then incubated for 3 hrs in a dilution of secondary antibody. The 
antibody was removed by washing three times for 15 min with PBT and three times 
for 15 min in PBS. The imaginal discs were then mounted with Prolong Anti-Fade 
(molecular probes). Primary antibodies were diluted as follows:  
Anti-Hh 1:100, anti-Ci155 1:100, anti-Col 1:50, anti–Ptc 1:100. Secondary antibodes: 
Alexa 488, Cy3 and Cy5 conjugates were used in dilution 1:1000. All the experiments 
were done in parallel with their controls and imaged under similar identical conditions 
with LSM Zeiss 510 confocal microscope. 
ImageJ was used to quantify the range and intensity of gene expression in five 
projected apical sections of Hh, Ci155, Col and Dpp-LacZ-stained discs. For each 
image, we selected a 400 by 300 pixel rectangle centered around the AP boundary 
and used the Plot Profile function of ImageJ to calculate the average pixel intensity 
as a function of distance from the AP boundary.  These values were averaged for at 
least 4 different discs and plotted using Microsoft Excel.  
5.4 Fractionation.  
Larvae from the correct genotype were bled into a Phosphate Buffer Saline plus 
Protease inhibitor on ice at 4°C. Hemolymph collected was centrifuged for 10 
minutes at 1000g to separate cells from the supernatant. The clear post-nuclear 
supernatant was centrifuged for 3 hours at 120000g to generate a pellet (membrane 
enriched) and a clear membrane free supernatant (S120). S120 was then subjected 
to isopycnic density centrifugation. For isopycnic centrifugation, OptiPrep (Axishield) 
medium step gradients of 40%- 30%-20% Optiprep solution were prepared. The 
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S120 of eighty larval hemolymph was mixed and adjusted to a 50% Optiprep 
solution, and was used to underlayer the pre-prepared step gradient. The samples 
were then centrifuged at 4°C at for 16h at 50,000 r.p.m (285,000g) in a TLS55 rotor 
(Beckman). Equal fractions were carefully taken from the gradient and precipitated 
with CH3Cl/MeOH. Samples were analyzed on SDS-PAGE followed by western 
blotting. Following primary antibodies were used: anti-Hh 1:500, mouse monoclonal, 
anti-LpII 1:1000 (Panakova, Sprong et al. 2005). Secondary HRP-conjugated 
antibodies (Dianova, Jackson) were used in the dilution 1:4000. 
5.5  Live Imaging. 
Wing imaginal discs and fat body were dissected from the larvae of the desired 
genotype (Lp-Gal4>UASCD8GFP, Hh-Gal4>UASCD8GFP) in. The tissues were 
placed on the chambers on the slide made of double adhesive tape with a drop of 
Graces media containing 6µM of FM4-64. It was then covered with a coverslip, the 
opening in the tape sealed with vacuum grease to prevent the evaporation of the 
media. Tissues were observed using either Zeiss LSM 510 confocal microscope.  
5.6 Reverse Transcriptase Polymerase Chain Reaction.  
RNA purification: was purified from fat bodies and Drosophila embryo. Twenty larval 
fat bodies were dissected from which gonads were removed. Since fat body is a lipid 
storage organ we followed Lipid RNAeasy Mini protocol to extract RNA with 
maximum efficiency. The protocol also included degradation of gDNA on column so 
as to rule out the possibility of unspecific bands arising from gDNA contamination. 
Embryonic RNA was purified using “RNeasy Mini Protocol for isolation of Total RNA 
from Animal Tissues”. The embryos collected for 24 hrs ael were decorinated with 
50% bleach and washed three times with PBS before subjecting it to 
homogenization. The procedure was followed step wise as mentioned in the “RNeasy 
Mini Hand Book”. Purity and concentration of RNA was determined by diluting the 
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RNA in 1:100 Rnase free water and measured with an Ultrospec 3100 Pro’ using 
Ultra Micro Cell. Sometimes vacuum dry was used to concentrate the extracted RNA.  
5.7 cDNA sysnthesis.  
4µg of purified RNA was used in a 0.5mM RNAse free Deoxyribonucleotides (NEB) 
and 2.5µM of an oligo(dT)20 primer, was heated for 5 min at 65°C in a “GeneAmp 
PCR System 9700” thermocycler ( Applied Biosystems). The mixture was cooled on 
ice, 1x first strand buffer (invitrogen), DTT to a final concentration of 10mM and 
‘Superscript II Reverse Transcriptase” (Invitrogen) to a final concentration of 10unit/µl 
was added. The mix was incubated for 50minutes at 42°C, followed by a 15 min 
incubation at 70°C to inactivate the enzyme.  
5.8 Polymerase Chain Reaction. 
DNA sequences were amplified by DNA polymerase using standard procedures ( 
Sambrook and Russell, 2001). The reaction was temperature cycled in a “ GeneAmp 
PCR System 9700” thermocycler (Applied Biosystems) using following programme.  
 
Amplified sequences were then run on 1.5% agarose gels and subsequently 
analysed with the help of 1kb marker.  
5.9 gDNA isolation. 
 Genomic DNA from adult flies was isolated by homogenizing 10 flies in 200µl 
homogenization buffer (0.1 M tris-HCl (pH 9.0), 0.1 M ethylenediaminetetraacetic 
acid, 1% (w/v) sodium dodecyl sulfate, 0.5%(v/v) diethylpyrocarbonate) in an 1.5ml 
eppendorf tube using a biovortexer microtube mixer. The tubes were heated for 30 
min at 65°C. Proteins were precipitated by adding 28µl of 8M potassium acetate and 
incubating the tube on ice for 30 min. The precipitate was then removed by 
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centrifugation. The supernatant containing the gDNA was precipitated by 0.5 
volumes of isopropanol (incubation at room temperature and then centrifugation for 5 
min 14000rpm at 4°C.). The pellet was washed with 70% ethanol, air dried and 
resuspended in 100µl TE.  
5.10  Preparation of adult wings for light microscopy.  
 Female and male flies were collected separately after 1day of eclosion. Wings were 
dissected and kept in 1:3 glycerol:ethanol stored on ice. They were then transferred 
to 100% ethanol before transferring them carefully with a brush on a glass slide with 
a drop of Euparal. Coverslip was then carefully mounted on it so that to avoid any air 
bubble. Images of the wings were acquired by Bright field illumination. Quantification 
of the wing area was done with ImageJ.  
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